ABSTRACT This paper reports a novel polarization-reconfigurable antenna based on the theory of characteristic mode (CM), which can electronically alter its polarization states between linear polarization (LP), left-hand circular polarization (LHCP), and right-hand circular polarization (RHCP). A square patch with an I-shaped slot is used as a main radiator, which has two LP orthogonal CMs with the same modal significance and 90 • characteristic angle difference at 2.4 GHz. A simple feeding network is designed to excite the different combinations of the two modes. By properly choosing the state of the excitation, the LP, LHCP, and RHCP waves can be generated. A 1 × 4 antenna array is designed for the demonstration of array application, and experiments are carried out to validate the proposed design. The measured overlapping impedance bandwidth (BW) (|S 11 | ≤ −10 dB) and 3-dB gain BW is 2.25-2.7 GHz in the LP state. The overlapping BWs in conjunction with the 3-dB axial ratio BW are 2.16-2.65 and 2.1-2.55 GHz in the LHCP and RHCP states, respectively. The measured maximum gains are 7.2 dBi, 9.78 dBic, and 9.8 dBic for the LP, LHCP, and RHCP states, respectively. The common BW for all three polarization states is 2.25-2.55 GHz or 12.5%. Experimental results show a good performance of the proposed antenna array.
I. INTRODUCTION
With the rapid development of wireless communication systems in the direction of high-capacity, multi-function and ultra-broadband, polarization-reconfigurable antennas have drawn increasing attentions. The polarization characteristics of the radiation waves can be changed by using the polarization-reconfigurable antennas to effectively reduce the loss caused by the polarization mismatch in the real environment. Moreover, the signal anti-interference ability and transmission efficiency of the communications system can be improved.
Various techniques have been developed to design the polarization-reconfigurable antennas. In [1] - [8] , RF switch components are used to change the antennas' internal structures for polarization diversity. However, with this technique, one reconfigurable topology is only applicable to a particular antenna and the RF switches placed on the radiation element will affect the antenna performance. Another technique widely used for polarization-reconfigurable antennas is to adopt a reconfigurable feeding network [9] - [14] . In [9] and [10] , the PIN diodes are inserted into the feeding network to adjust its electrical length. By switching the ON/OFF state of the PIN diodes, a phase difference can be generated at the output ports, hence enabling the antenna to achieve the reconfigurable polarization. However, the main disadvantage of this technique is that it requires the complicated feeding structure including phase shifters and couplers to switch between circular polarization (CP) and linear polarization (LP) waves, which increases the size and the design complexity of the antenna. Recently, some new techniques have been reported for the polarization reconfigurable antennas [15] - [19] . The antenna with quad-polarization reconfigurable ability in [15] was realized using four LP antenna elements. In [16] , the four radiating arms excited by the feeding network are able to generate wide-band CP waves. In addition, some artificial structures were also used to achieve the reconfigurable polarization antennas [17] - [19] . Although the aforementioned antennas [1] - [19] show good reconfigurable polarization characteristics, including wide bandwidth and multiple polarizations states, little work has been reported on array applications, considering their complicated radiation structure and feeding networks. Moreover, the above methods lack physical insight to the antenna, and thus the design procedures of the antennas rely primarily on the designers' experience and knowledge.
Recently, the usefulness of characteristic mode (CM) theory in antenna designs has been recognized [20] - [28] . By analyzing characteristic currents and fields, the CM theory can clearly elaborate the physical mechanism of the antenna, and therefore gives the effective guidance for antenna design. In [27] and [28] , the CP antenna is proposed using the CM theory. However, the designed antenna cannot achieve the reconfigurable polarization states.
In this work, a polarization-reconfigurable antenna using the CM theory is proposed for the first time. A square patch with an I-shaped slot is chosen as the radiator. Three input ports are used to selectively excite different modes of the patch. The left-hand circular polarization (LHCP), right-hand circular polarization (RHCP), and linear polarization (LP) waves can be achieved by exciting proper input ports. The topological structure and the CM analysis of the antenna element are presented in Section II. For array applications, a 1×4 polarization-reconfigurable array is designed with a simple feeding network in Section III. The measured results are given in Section IV, followed by conclusions in Section V.
II. ANTENNA ELEMENT DESIGN A. ANTENNA ELEMENT CONFIGURATION
The topological structure of the proposed polarization reconfigurable antenna element is shown in Fig. 1 . The whole antenna structure is composed of two layers: the radiation patch layer and the feeding network layer fabricated on the bottom side of the 0.8-mm thickness Rogers 5880 substrate with a permittivity of 2.2 and a loss tangent of 0.0019. A ground plane is fabricated on the upper side of the substrate. Three cylindrical probes, which are connected with the feeding network through three square apertures etched on the ground plane, respectively, are designed to excite the radiation patch. The diameter of the probe is r, and the width of the aperture is d. Three probes are placed below the patch with an equidistance of D. Moreover, a small gap between the radiation patch and each of the probes is designed to achieve a good impedance matching via capacitive coupling.
The square patch with the I-shaped slot shown in Fig. 1 (b) acts as the main radiator and the distance between the patch and the ground is h 1 . The feeding network consists of a 2-way power divider and two switches, which are designed by using PIN diodes from Infineon (BA892). The width w 50 of the input microstrip line is designed with a characteristic impedance of 50-ohm, and the resistance R of 100-ohm is used to improve the isolation between the two outputs of the power divider.
By controlling the ON/OFF state of the diodes, the three feeding probes can be switched. As shown in Fig. 1(c) , the signal paths for the three ports are denoted as path 1-3, respectively. The lengths of the three paths are equal. By properly controlling the states of the two diodes, the feeding network can achieve three switchable sets of excitations. One selects probe 1 and probe 3 to excite the radiation patch; Another selects probe 2 and probe 3; And in the last case, only probe 3 is selected.
B. CHARACTERISTIC MODE ANALYSIS
In the CM theory, the eigenvalue λ is a very important parameter. The smaller the magnitude of the eigenvalue λ, the more efficiently the mode radiates when excited [29] . In addition, another two parameters showing the mode behavior near resonance, i.e., the characteristic angle and modal significance can be expressed in terms of λ as [29] :
The characteristic angle and modal significance are inherent properties of each mode and independent of the external sources. The characteristic angle physically denotes the phase angle between the characteristic current J n and the tangential component of its associated characteristic field E tan n (S). If α n equals to 180 • , the mode is in resonance and it can be more easily excited. When α n is 90 • /270 • , the corresponding mode becomes the inductive/capacitive mode, which means that it cannot be easily excited. As an application, the characteristic angle gives information if two orthogonal modes can be excited to generate a CP wave. With a 90 • characteristic angle difference between two modes, a CP antenna design can be achieved.
On the other hand, the modal significance states the coupling capability of each CM for the external source. As can be observed from (2), modal significance transforms the interval of eigenvalue λ from [−∞, +∞] to [0,1]. When MS=1, the corresponding mode is at resonance. In this paper, we use MS instead of λ to investigate the resonant behavior. For the proposed antenna element design, a square PEC patch with a side length of w 1 is firstly analyzed using the CM theory from 2 to 3GHz. Note that in this paper the CM analysis is implemented by using the methods of moment (MoM)-based method. The modal significances of the first 6 modes are presented in Fig. 2 . It can be seen that except for Modes 1 and 2, the modal significances of other higher order modes are quite small, which means they can hardly be excited at this frequency band. To further analyze these two modes, Fig. 3 shows the characteristic current distributions of Modes 1 and 2 on the square patch at 2.4GHz. It can be seen that the characteristic current distribution of Mode 1 is along x direction, while that of mode 2 is along y direction. Therefore, the horizontal linear polarization (H-LP) wave will be generated in the far field when Mode 1 is excited. Similarly, the vertical linear polarization (V-LP) radiation can be achieved when Mode 2 is excited. Note that both Modes 1 and 2 radiate in the broadside directions as the current distributions of these two modes are symmetric with respect to xoz and yoz planes, respectively. According to above CM analysis of the square PEC patch shown in Figs. 2 and 3, we can know that Modes 1 and 2 have the same modal significance and characteristic angles. In order to obtain a 90 • characteristic angle difference, an I-shaped slot is etched on the square patch as shown in Fig. 1(b) . Similar to the square patch, the first two modes of the proposed radiation patch dominate, and all the other modes are high-order modes that are difficult to resonate. Fig. 4 shows the modal significances and characteristic angles of the first two modes of the proposed radiation patch. It can be seen that the two modes have the approximately same current amplitude and 90 • phase difference at 2.4GHz. The modal current distributions of the proposed radiation patch are shown in Fig. 5 . Compared with Fig. 3 , Mode 2 still gives rise to the V-LP radiation, with its intense current concentrating at the two edges of the patch along y direction. On the other hand, Mode 1 of the patch with the I-shaped slot will generate the H-LP radiation with a large cross polarization, compared with the case of the patch without the slot. This is because the introduced I-shaped slot brings some vertical component besides the maximum current distribution along x direction of Mode 1, as shown in Fig. 5 . Therefore, for the proposed radiation patch, when only Mode 2 is excited, it will radiate an LP wave in the far-field. On the other hand, a CP wave can be generated when the two orthogonal modes (Mode 1 and Mode 2) are efficiently excited simultaneously.
C. FEEDING NETWORK DESIGN
There are two widely used approaches to excite the specific characteristic mode, i.e., inductive coupling method (ICE) and capacitive coupling method (CCE). Generally, the optimal location of the inductive exciter is at the maximum characteristic current, while the capacitive one is at the maximum electric field, which corresponds to the minimum characteristic current [30] . In this work, the CCE is used to excite Modes 1 and 2. From Fig. 5 , it is shown that the feeding position of Mode 1 is placed at the middle of the edges in y-direction of the radiation patch, while that of Mode 2 is at the middle of the edges in x-direction of the patch. Based on this CM analysis, the operating principle of the proposed antenna element is presented in Fig. 6 . By properly selecting the different ports, the proposed antenna element can work at three polarization states. Specifically, when the radiation patch is fed individually by port 3, Mode 2 will be excited and thus an LP can be generated, as shown in Fig. 7(a) . On the other hand, when two signals with the same magnitude and phase are fed into Ports 3 and 2 simultaneously, two resonating modes with the same current amplitude and −90 • phase difference, i.e., Mode 1 and Mode 2, are excited, and therefore an LHCP radiation can be obtained, as shown in Fig. 7(b) . Furthermore, when two signals with the same magnitude and phase are injected into Ports 3 and 1 simultaneously, Mode 1 and Mode 2 are of the same magnitude and 90 • phase difference, resulting in an RHCP radiation in the far field of the proposed antenna element, as shown in Fig. 7(c) . It is worthwhile pointing out that the use of the CCEs has nearly no effects on the modal significances of two modes and difference of their characteristic angles at 2.4 GHz, as shown in Fig. 4 . Note that the introduction of the CCEs has a little effect on the modal excitation purity [20] , and thus a small deviation of the main beam direction from the broadside direction is observed in Fig. 7 . Based on above analysis, the feeding network is shown in Fig. 1(c) . By controlling the states of the two switches, different probes can be selected to excite the radiation patch. The three probes correspond to the three ports in Fig. 6 . When Switches 1 and 2 are off, the signal will go through Path 3, and then Probe 3 (Port 3) is selected to excite the LP wave in the far-field. When Switch 1 is on and Switch 2 is off, the signal will go through Paths 3 and 2 with the same magnitude and phase, and then Probes 3 and 2 (Ports 3 and 2) are selected simultaneously to generate the LHCP wave. Similarly, when Switch 1 is off and Switch 2 is on, the RHCP wave can be achieved. All the three polarization states and their corresponding states of the switches are given in Table 1 . 
D. SIMULATED RESULTS OF THE ANTENNA ELEMENT
The proposed polarization reconfigurable antenna element has been simulated by using a full-wave commercial software, i.e., ANSYS HFSS. Table 2 gives the dimensions of the designed antenna element. The used equivalent circuit of the PIN diode and its values in the simulation are shown in Fig. 8 . Inductance L is very small due to the wire being short, and thus it is neglected in the simulation. In order to study the operating principle, the surface current distributions on the radiation patch at 2.4GHz are shown in Figs. 9-11 . It can be clearly seen that the polarization of the proposed antenna element can be switched among the three states by selecting the feeding probes properly. Fig. 12 shows the simulated return loss of the proposed antenna element, where the bandwidths for |S 11 | ≤ −10dB are 2.3-2.5, 2.38-2.54, and 2.35-2.54 GHz for the LP, LHCP, and RHCP states, respectively. It is worthwhile pointing out that the radius of the cylindrical feeding probe has no effect on the matching of the proposed antenna element. 
III. ANTENNA ARRAY DESIGN A. ANTENNA CONFIGURATION
As shown in Fig. 13 , the single antenna element can be arranged into a 1×4 antenna array to obtain a high radiation gain. In this design, all the antenna elements are placed on the top layer with an equidistance of S, which are supported by some plastic posts. A 1-to-4 power divider located on the bottom layer is used to feed the antenna array. The whole size of the ground is L g ×W g . The antenna parameters are the same as that in Table 2 except for h 1 and w 2 . The height of the radiation patches, h 1 , is changed to 26mm, while the length of the I-shaped slots, w 2 , is set as 24mm. The geometric parameters including S, L g and W g are determined to obtain the optimized S 11 and AR of the array, i.e., S=100mm, L g =400mm, and W g =120mm.
B. KEY PARAMETERS STUDY
In order to obtain good radiation performance, a keyparameter study is carried out to identify the effect of each geometric parameter on the antenna performance. Since the behaviors of the two CP states against parameter variations are similar, the antenna characteristics of the LP and the RHCP are chosen for demonstration.
1) LENGTH OF SLOT (w 2 )
Since the introduced I-shaped slot is used to generate two specific orthogonal modes for the CP state and the slot is located at the weak current distribution of the LP mode, the slot length w 2 has little impact on the LP state but mainly affects CP states, which can be seen in the first column of Table 3 . Thus, w 2 is an important parameter for optimizing the impedance and AR BWs of the CP states while keeping the performance of the LP state unchanged.
2) HEIGHT OF RADIATION PATCH (h 1 )
The second column of Table 3 shows that the impedance BWs of the LP state are improved by decreasing h 1 , while the opposite trend is observed for the RHCP state. These results show that this parameter is helpful for widening the overlapping impedance BW between the LP and CP states.
3) POSITION OF THE THREE PROBES (D)
As the feeding positions should be located at the minimum current distribution of the two modes in this paper, the positions of the three feeding probes control how well these modes are excited. It can be seen that wider impedance bandwidths were achieved with the increase of D. However, the AR becomes worse at higher frequencies in the CP state. Based on the result, D can be used as a trade-off between the impedance BWs of the three polarization states and the AR BW of the CP state.
4) WIDTH OF THE GAP (h 3 )
In the last column of Table 3 , it is observed that the increase of h 3 considerably improves the impedance BWs of the LP and the CP states. It can also be seen that the AR becomes better with increasing h 3 , which, however, narrows the AR BW.
Thus, h 3 is an important parameter to achieve wideband operation of the proposed antenna array. 
IV. EXPERIMENTAL RESULTS AND DISCUSSION
In order to verify the design, a prototype has been fabricated and the photographs are shown in Fig. 14 . The radiation patch with the I-shaped slot is made of copper with a thickness of 0.3mm. The probes in the antenna array are made from 1.0-mm-diameter copper rods. In the experiment, the states of PIN diodes were controlled by the applied voltage, which was provided by two 1.5-V lithium battery. In each bias circuit, the RF choke inductor is set as 100nH and a resistor of 300 was used to set the forward current for PIN diode to around 10mA, leading to the lowest insertion loss. The measured reflection coefficients compared with the corresponding simulated results are shown in Fig. 15 . It can be seen that the measured 10-dB return loss bandwidths are from 2.25 to 2.75GHz for the LP state, from 2.16 to 2.7GHz for the LHCP state and from 2.1 to 2.75GHz for the RHCP state. The measured impedance bandwidths for the three states are slightly wider than the simulated results. This discrepancy is mainly caused by additional losses and effects from the PIN diodes and SMA connector which are not taken into consideration in the simulation. Fig. 16 shows the measured gains and AR properties for the three polarization states, where the corresponding simulated results are compared. The maximum measured gains are 7.2dBi, 9.78dBic, 9.8dBic for the LP, LHCP, and RHCP states, respectively, and the corresponding 3-dB gain bandwidths are, respectively, 2.1-2.7GHz, 2.1-2.65GHz and 2.1-2.6GHz. The decrease in gains is due to the fabrication errors and the additional losses from the PIN diodes. From  Figs. 16 (b) and (c), it can be seen that the 3-dB AR bandwidths are from 2.1 to 2.75GHz for the LHCP state and from 2.1 to 2.55GHz for the RHCP state. Therefore, the effective overlapped bandwidth for 10 dB impedance BW and 3 dB gain BW is 2.25-2.7GHz (18.2%) in the LP state. In the LHCP and RHCP states, the effective overlapped bandwidths for 10-dB impedance BW and 3-dB gain BW and 3-dB AR BW are 2.16-2.65GHz (20.4%) and 2.1-2.55GHz (19.4%), respectively. The common BW for all three polarization states is 2.25-2.55GHz or 12.5%. The measured and simulated normalized radiation patterns at two orthogonal cut-planes are compared at 2.4GHz for the three polarization states, as shown in Fig. 17 . The measured results are in good agreement with the simulated ones in the main radiation direction, and the cross-polarization of the 3 states are lower than −20dB. The slight difference in the back lobe is caused by the testing environment, in which the DC biased voltage source for the PIN diodes is installed at the back of the antenna array.
Finally, comparison among up-to-date polarization reconfigurable antennas and this work is given in Table 4 . It can be seen that the proposed antenna in this work exhibits the wider overlapped bandwidth for the LP and the CP states. Moreover, compared with the antennas reported in [6] and [12] , which are not easily extended to an array antenna, the presented antenna achieves the higher gain values.
V. CONCLUSION
In this paper, a polarization-reconfigurable patch antenna is proposed using the CM theory. By properly selecting the feeding ports, the LP, LHCP and RHCP states can be achieved with good performances. A simple feeding network is designed and different signals are injected into three ports by independently manipulating the ON/OFF states of the PIN diodes. As a demonstration, a 1×4 antenna array is designed and the prototype has been fabricated and measured. The measured results are in good agreement with the simulated ones. The proposed antenna array has a simple topology, multiple polarization states, wide operating bandwidth, high gains and easiness of design and fabrication, which can be potentially used in wireless system.
